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Haptoglobin reduces renal oxidative DNA and tissue damage [3], the physiological function(s) and significance of Hp
during phenylhydrazine-induced hemolysis. have remained relatively obscure.
Background. Haptoglobin knockout (Hp2/2) mice are It is generally believed that through the rapid forma-more sensitive to phenylhydrazine-induced hemolysis than
tion of a Hp-hemoglobin complex, Hp targets free plasmaHp1/1 mice.
Methods. Hemolysis was induced in Hp2/2 and Hp1/1 mice hemoglobin for degradation in the liver parenchymal cells
using phenylhydrazine. Relative renal tissue damage and func- and retards glomerular filtration of free hemoglobin, there-
tion were then assessed. by reducing hemoglobin-induced renal damage. However,
Results. Hp2/2 mice had higher basal levels of renal lipid
our previous study of Hp knockout (Hp2/2) mice [4]peroxidation, as evidenced by levels of malonaldehyde and
and studies reported by others [5–7] have shown that Hp4-hydroxy-2(E)-nonenal (MDA/HNE). After the administration
of phenylhydrazine, levels of 8-hydroxyguanine (but not other may not be important in the clearance of plasma hemoglo-
products of oxidative DNA damage) were significantly elevated bin. Nevertheless, Hp does have important functions in
in the renal DNA. There was also increased induction of heme
the metabolism of free plasma hemoglobin, particularlyoxygenase-1. The more severe renal damage in Hp2/2 mice
in hemoglobin-induced renal injury. During severe he-was also evident in the delayed erythropoietin gene expression
and poorer renal clearance of 3H-inulin. This reduction in glo- molysis induced by phenylhydrazine, Hp2/2 mice suffer
merular filtration function in Hp1/1 and Hp2/2 mice could a higher mortality (55 vs. 18% in Hp1/1 mice) with
be restored to baseline by vasodilators (prazosin or diazoxide), severe renal pathology [4]. Hemoglobin has been shownimplicating renal vasoconstriction as a major mechanism of
to have several potentially toxic effects. It enhances en-acute renal failure during induced hemolysis. Precipitation of
hemoglobin in the kidney was not increased in Hp2/2 mice. dotoxin effects, initiates or catalyzes free radical forma-
Conclusions. Haptoglobin appears to play an important phys- tion, activates macrophages, and causes neurotoxicity,
iological role as an antioxidant, particularly during hemolysis. vasoconstriction, and platelet adhesion [8–11]. A clini-
cally significant complication of severe hemolysis or trans-
fusion of hemoglobin solution is acute tubular injury
Haptoglobin (Hp) is the major plasma protein that with a concomitant depletion of Hp [12]. Together, these
binds free hemoglobin with high avidity [1, 2]. The strong observations suggest that Hp may be important in the
avidity with which Hp binds hemoglobin (Kd ,1 3 10215 physiological defense against hemoglobin toxicity, particu-
mol/L) and the high conservation of the Hp gene across larly renal toxicity. Based on the high avidity of Hp for
species suggest that there must be important functions free hemoglobin, the protective effects of Hp during he-
associated with the Hp-hemoglobin complex formation molysis are probably mediated through this interaction.
[1, 2]. However, since its first characterization in 1955 The aim of the current study was to identify the mecha-
nisms by which hemoglobin-induced renal injury occurs
and the mechanisms by which Hp ameliorates this injury.Key words: hemoglobin, lipid peroxidation, 8-hydroxyguanine, inulin
clearance, antioxidant, renal toxicity. Since hemoglobin and its catabolic products, hemin and
iron, catalyze many oxidative reactions [13] and some
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precipitation in renal tissues, and general tissue damage of 2,5,6-triamino-4-hydroxypyrimidine with concentrated
formic acid with purification by crystallization from wa-using Hp2/2 and Hp1/1 mice.
ter. Thymine glycol was synthesized by reaction of thy-
mine with OsO4 for one hour at 608C, and excess OsO4METHODS
was removed by freeze drying. Purity of standards (.99%)
Analysis of renal tissues was assessed by mass spectrometry. Stable isotope-labeled
[M 1 4] 8-OHG (8-OHG-1,3-15N2-(2-amino-15N)-2-13C),Hemolysis was induced in mice by phenylhydrazine
at 2 mg/10 g body weight as previously described [4]. At 2-hydroxyadenine, 5-hydroxycytosine, 5-hydroxyhydan-
toin, and 5-hydroxy-5-methylhydantoin were kind giftsvarious times after induction, mice were anesthetized with
0.1 mL/10 g body weight of a cocktail consisting of one from Dr. M. Dizdaroglu (National Institute of Standards
and Technology, Gaithersburg, MD, USA). Silylation-part Hypnorm, one part Midazolom, and two parts distilled
water and were perfused with 20 mL saline, 1 mmol/L grade acetonitrile and bis(trimethylsilyl)trifluoracetamide
(BSTFA) [containing 1% trimethylchlorosilane (TMCS)]ethylenediaminetetraacetic acid (EDTA) through the
heart. Kidneys were removed, washed in cold saline, and were obtained from Pierce Chemical Co. (Rockford, IL,
USA), and ethanethiol was purchased from Fluka (Ron-homogenized in ice-cold 20 mmol/L Tris-HCl, pH 7.4,
and 1 mmol/L phenylmethylsulfonyl fluoride (10% wt/ konkoma, NY, USA). Distilled water passed through a
purification system (Elga, High Wycombe, Buckingham-vol). The homogenate was centrifuged at 10,000 g at
48C for 10 minutes, and the supernatant was further shire, UK) was used to make up all solutions.
DNA concentration was determined by ultraviolet ab-centrifuged at 20,000 3 g at 48C for 10 minutes. Protein
concentration was assayed by the Bio-Rad Protein Assay sorbance. DNA was hydrolyzed and derivatized for gas
chromatography-mass spectometry (GC-MS) analysis asKit II (Cat# 500-0002; Bio-Rad, Hercules, CA, USA).
Hemoglobin in the extract was quantitated by a colori- previously described [19–21]. (Caution should be taken
because ethanethiol has a very unpleasant odor.) Ex-metric assay (Cat# S-527A; Sigma, St. Louis, MO, USA).
For Western blot analysis, 10 mg of protein were sepa- tracted DNA (100 mg) containing the internal standards—
stable isotopically labeled 8OHG [M 1 4] (0.2 nmol),rated on 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), blotted onto nitrocellu- 6-azathymine, and 2,6-diaminopurine (0.5 nmol)—was
lyophilized. Samples were hydrolyzed by addition of 0.5lose, and probed with antibodies against mouse hemoglo-
bin (Cat# 55447; ICN, Costa Mesa, CA, USA). The blot mL of 60% formic acid and heating at 1408C for 45
minutes in an evacuated, sealed hydrolysis tube and thenwas then incubated sequentially with a biotinylated sec-
ondary antibody and a streptavidin-horseradish peroxi- cooled and lyophilized. Samples were derivatized in
polytetrafluoroethylene-capped glass vials after purgingdase conjugate before it was developed with a chemilu-
minescence substrate (Cat# 34080; Pierce, Rockford, with nitrogen by adding 75 mL of a BSTFA (11%
TMCS)/acetonitrile/ethanethiol (16:3:1 vol/vol) mixtureMD, USA). For measurements of malonaldehyde and
4-hydroxy-2(E)-nonenal (MDA/HNE) levels in kidney, at 238C for two hours and analyzed by GC-MS as de-
scribed previously [19].homogenate was prepared and measured using a colori-
metric assay kit for lipid peroxidation (Bioxytech LPO-
RNA and protein analysis586; Oxis International, Inc., Portland, OR, USA) ac-
cording to the manufacturer’s protocol. Liver and kidney RNA extraction and RT-PCR were
carried out as previously described [4]. Briefly, 2 mg
DNA oxidation analysis RNA were reverse transcribed to cDNAs. The cDNAs
were diluted 1 and 10 times and were amplified by PCRDNA oxidation analysis was carried out essentially
as described in [19]. Brief details are as follows: Calf in the presence of 32P-dCTP using gene-specific primers.
Primers for triose phosphate isomerase (TPI), a house-thymus DNA, 6-azathymine, 2,6-diaminopurine, 8-bro-
moadenine, 5-hydroxyuracil (isobarbituric acid), 4,6- keeping gene, were included as an internal control in
the PCR reaction. The RT-PCR products were separateddiamino-5-formamidopyrimidine (FAPy-adenine), 2,5,6-
triamino-4-hydroxypyrimidine, 5-(hydroxymethyl)uracil, on a 5% polyacrylamide gel, quantitated by phosphorim-
aging, and exposed to autoradiography. All signals wereand guanase were purchased from Sigma Chemical Co.
(Poole, Dorset, UK). 8-Hydroxyguanine (8OHG) and normalized to that of TPI. The primers used were (1)
erythropoietin (EPO), 59-TCA TCT GCG ACA GTCethanethiol were purchased from Aldrich (Milwaukee,
WI, USA). 8-Hydroxyadenine and 2,6-diamino-4-hydroxy- GAG TTC-39 and 59-CGT GTA CAG CTT CAG TTT
CCC-39; (2) TPI, 59-CCC TGG CAT GAT CAA AGA5-formamidopyrimidine (FAPy-guanine) were synthesized
(courtesy of Dr. H. Kaur, Kings College, London, UK) CTT-39 and 59-GAT GGG CAG TGC TCA TTG TTT-
39; (3) Hp, 59-AAA CGA CGA GAA GCA ATG GGT-by, respectively, treatment of 8-bromoadenine with con-
centrated formic acid (95%) at 1508C for 45 minutes with 39 and 59-GAA GGC AGG CAG ATA GGC ATG-39;
(4) a-1 acid glycoprotein (AGP), 59CCT TTT GGC ATApurification by crystallization from water and treatment
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GAG GGA CAG-39 and 59GAT GTT GGA AGC TCA RESULTS
GAA CCC-39; (5) serum amyloid A protein (SAA), Increased oxidative damage in the kidneys
59ATC ACGT GAT GCA AGA GAG AGC-39 and Hemoglobin and its catabolic products, hemin and
59ATT ACC CTC TCC TCC TCA AGC-39; (6) heme iron, are known to catalyze many potentially tissue-dam-
oxygenase-1 (HO-1), 59GAA GAG GAG ATA GAG aging oxidative reactions [13], and Hp has been shown to
CGC AAC-39 and 59AGA GAA AGG AAA CAC ameliorate oxidative damage mediated by hemoglobin,
AGG GAG-39; and (7) superoxide dismutase-2 (SOD- particularly hemoglobin-initiated lipid peroxidation [14–
2), 59AGG GAG ATG TTA CAA CTC AGG-39 and 18]. In addition, severe intravascular hemolysis or trans-
59GAG GTT TCA CTT CTT GCA AGC-39,458, 523, fusion of hemoglobin solution often results in acute renal
895,406, 326, 830 and 452 bp fragments, respectively. failure and a concomitant depletion of serum Hp [12].
Measurement of plasma AGP by rocket immunoelectro- Therefore, we postulated that the kidneys of Hp2/2
phoresis was carried as previously described [22]. mice would be particularly susceptible to oxidative dam-
age, especially during hemolysis. The levels of lipid per-Renal clearance of 3H-inulin
oxidation and DNA base oxidation products were there-
For every 20 g body weight, 100 mCi of 3H-inulin (Cat# fore measured in saline-perfused kidneys of Hp2/2 and
NET 314L; NEN, Boston, MA, USA) with 2 mg of unla- Hp1/1 mice before and 48 hours after induction of
beled inulin (Cat# I-3754; Sigma, St. Louis, MO, USA) hemolysis.
dissolved in 0.15 mL saline were injected into the left Lipid peroxidation in the renal tissues was assessed
ventricle of anesthetized mice. Five minutes after the by determining the levels of lipid peroxidation end prod-
injection was completed, the tip of the mouse tail was cut. ucts, MDA, and HNE (Fig. 1A). Basal MDA/HNE levels
A small aliquot of blood was collected in a heparinized were marginally higher in the kidneys of Hp2/2 mice
capillary tube, and 10 mL of plasma were counted. This at 4.12 mmol/mg protein than in the kidneys of Hp1/1
time point was designated 0 minutes. Thereafter, blood mice at 2.87 mmol/mg protein (P 5 0.033; Fig. 1A).
was collected at 15-minute intervals for one hour, and the During induced hemolysis, MDA/HNE were increased
amount of radioactivity was calculated as a percentage of significantly in both Hp1/1 mice and Hp2/2 mice to
that at time 0. For phenylhydrazine-treated mice, renal 9.37 and 8.33 mmol/mg protein, respectively. There was
function was measured 48 hours after induction of hemo- no significant difference in the levels of MDA/HNE be-
lysis with phenylhydrazine. For assessments of the effects tween Hp1/1 and Hp2/2 mice, suggesting that lipid
of vasodilators, the vasodilators were administered to- peroxidation reached similar levels in Hp2/2 and
gether with inulin into the left ventricles of mice. Pra- Hp1/1 mice.
zosin (Cat# P7791; Sigma, St. Louis, MO, USA) was dis- Renal genomic DNA in Hp2/2 mice and Hp1/1
solved in 0.01 N HCl/methanol (mg/mL) and was given mice was analyzed for multiple oxidized DNA bases using
at a dosage of 0.4 mg per 20 g body weight. GC-MS. Levels of hypoxanthine and xanthine (which are
not oxidation products but products of DNA base de-
Angiotensin-converting enzyme activity amination) were also measured. Four groups of mice
Angiotensin-converting enzyme (ACE) activity in the were used in this study: (1) untreated Hp1/1 mice, (2)
plasma was assayed by the rate of hydrolysis of a syn- untreated Hp2/2 mice, (3) phenylhydrazine-treated
thetic tripeptide substrate, furylacryloylphenylalanylgly- Hp1/1 mice, and (4) phenylhydrazine-treated Hp2/2
cylglycine (FAPGG), to furylacryloylphenylalanine (FAP) mice.
and glycylglycine using a Sigma Diagnostics kit (Cat# The basal levels of DNA base oxidation or deamina-
305-10 and 305-50). Some modifications were made to tion products in Hp2/2 mice and Hp1/1 mice were
the manufacturer’s protocol. Ten microliters of ACE not significantly different, suggesting that the lack of Hp
calibrator, plasma, or saline-diluted plasma were added in mice did not result in increased levels of oxidative
to 100 mL of ACE reagent in a 96-well microtiter plate DNA damage in the kidneys of Hp2/2 mice (Fig. 1 B,
on ice, in triplicates. The reagents were mixed and incu- C). However, during phenylhydrazine-induced hemoly-
bated at 378C, and absorbance at 340 nm was read at a sis, there was a significant increase in 8OHG in Hp2/2
five-minute interval for 30 minutes on an enzyme-linked mice but not in Hp1/1 mice (99 6 11.6 pmol/mg DNA
immunosorbent assay (ELISA) microplate reader. The in Hp1/1 mice vs. 195 6 18.9 pmol/mg in Hp2/2 mice,
average absorbance of samples and calibrator over time P , 0.001; Fig. 1C). Basal levels of 8OHG in the renal
was plotted as linear regression graphs and gradients DNA of untreated Hp1/1 and Hp2/2 mice were simi-
of these linear regression graphs; that is, DA/DT were lar (109 6 10.8 pmol/mg in Hp 1/1 mice vs. 93 6 11.5
calculated. ACE activity of the samples was obtained by pmol/mg in Hp2/2 mice; Fig. 1C). The other DNA base
comparison of the DA/DT of samples with that of the oxidation or deamination products examined did not
change (Fig. 1 B, C).calibrator.
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Fig. 1. Oxidative damage in renal tissues. At 0 and 48 hours after the induction of hemolysis, Hp1/1 and Hp2/2 mice were anesthetized and
perfused with saline. Kidneys were removed and used to prepare homogenates for lipid peroxidation assay or genomic DNA for analysis of
modified DNA bases. (A) Lipid peroxidation in the kidneys was assayed for MDA/HNE levels, as described in the Methods section. (B and C)
Levels of individual DNA base oxidation products were analyzed. Genomic DNA from kidneys of Hp1/1 and Hp2/2 mice with or without
phenylhydrazine (ph) treatment was assayed for individual DNA base oxidation products as described in the Methods section. Data were plotted
as mean 6 SE. The sample size (N) for each group of mice is indicated with the symbols: ( ) Hp1/1 (N 5 12); ( ) Hp2/2 (N 5 7); ( )
Hp1/1 & ph (N 5 8); ( ) Hp2/2 & ph (N 5 9). The results are presented as (B) hypoxanthine and xanthine (C). Individual DNA base oxidation
products analyzed were 5-OH Me hydantoin, 5-OH hydantoin, 5-OH uracil, 5-(OH, Me) uracil, 5-OH cytosine, 2-OH adenine, 8-OH adenine,
FAPy adenine, thymine glycol (cis and trans), FAPy guanine, and 8-OH guanine. Data are plotted as mean 6 SE.
Gene expression and kidney-specific tissue injury mice during phenylhydrazine-initiated hemolysis was bi-
phasic, with the first phase peaking at about four hoursThe induction kinetics of Epo and HO-1 gene expres-
followed by a second phase peaking at 48 hours or there-sion were also used to assess kidney-specific injury. It
after (Fig. 2). In both Hp1/1 and Hp2/2 mice, the firsthas been shown previously that following ureteric ob-
phase of HO-1 mRNA induction was similar in magni-struction, global ischemia, or focal needlestick injury,
tude and kinetics, but the second phase was greater inthe number of Epo-expressing interstitial cells in the
Hp2/2 mice, suggesting that Hp2/2 mice sufferedkidney is decreased [23]. Within 48 hours of phenylhy-
greater oxidative stress. SOD-2 expression was not af-drazine treatment, Epo mRNA was detectable in the
fected (Fig. 2A).kidneys of Hp1/1 mice but not Hp2/2 mice, which was
Haptoglobin mRNA is induced in the kidneys whenconsistent with greater renal injury and/or delayed repair
mice are treated with bacterial lipopolysaccharidein Hp2/2 mice during hemolysis (Fig. 2A).
[26, 27]. Therefore, we determine whether Hp mRNASince HO-1 is an oxidative stress responsive gene in
was induced in the kidneys of Hp1/1 mice during hemo-many organs [24, 25], its induction kinetics in the renal
lysis. Hp mRNA was not detected in the kidneys oftissues were used to assess oxidative stress. Induction of
renal HO-1 gene expression in both Hp2/2 and Hp1/1 Hp1/1 mice during hemolysis but was easily detected
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Fig. 2. Renal tissue injury during phenylhydrazine-induced hemolysis. (A) Renal induction kinetics of HO-1, Epo, SOD-2, and Hp gene expression.
Total RNA was isolated from kidneys of mice at 0, 4, 24, and 48 hours after treatment with phenylhydrazine (2 mg/10 g body weight) or
lipopolysaccharide (0.1 mg/10 g body weight) and analyzed by RT-PCR as described in the Methods section with TPI mRNA as an internal control.
(B) Relative induction of HO-1. RT-PCR products were quantitated by phosphorimaging, and the signals were normalized to that of TPI. Symbols
are: (d) Hp2/2; (m) HP1/1.
in the kidneys of mice treated with bacterial lipopolysac- Decreased renal function
charide (Fig. 2A), suggesting different modes of inflam- Renal function was assessed by inulin clearance assay.
matory response. 3H-inulin clearance from the plasma was measured by
injecting a small aliquot of 3H-inulin into the left ventricle
Hemoglobin precipitation in renal tissues of anesthetized mice 48 hours after induction of hemoly-
sis and measuring the rate of loss of radioactivity fromIt is generally thought that hemoglobin contributes to
the plasma. Both untreated Hp1/1 and Hp2/2 micerenal injury during severe hemolysis by precipitating in
demonstrated 60 to 70% clearance over one hour (Fig.the renal tissues and that Hp decreases this hemoglobin-
4A). Induction of hemolysis by phenylhydrazine gener-induced renal damage by preventing glomerular filtra-
ally resulted in poor 3H-inulin clearance in both wild-tion of hemoglobin through the formation of a large
type and mutant mice, indicating a decline in renal func-hemoglobin-Hp complex [12]. Therefore, we determined
tion (Fig. 4B). From 0 to 30 minutes, Hp2/2 mice exhib-the level of hemoglobin in saline perfused kidneys of
ited poorer 3H-inulin clearance than Hp1/1 mice (P 5
Hp2/2 and Hp1/1 mice during hemolysis. The amounts
0.05; Fig. 4B). At 60 minutes, Hp2/2 mice continued to
of hemoglobin in the renal tissues of untreated Hp1/1 exhibit a numerically poorer but statistically insignificant
and Hp2/2 mice were not significantly different (1.73 renal clearance than Hp1/1 mice [residual 3H-inulin of
vs. 1.47 nmol/mg protein, P 5 0.22; Fig. 3A). During 83 6 21% (N 5 5) vs. 64 6 26% (N 5 6), P 5 0.177].
hemolysis, hemoglobin precipitation in the kidneys in- Since renal function is dependent on renal perfusion,
creased dramatically, but it was not significantly different we examined whether acute renal failure during hemolysis
between Hp1/1 and Hp2/2 mice (4.27 vs. 4.41 nmol/mg was mediated by vasoconstriction and whether this effect
protein, P 5 0.84; Fig. 3A). These results were further on vascular tone was more pronounced in Hp2/2 mice.
verified by Western blot analysis (Fig. 3B). Therefore, Forty-eight hours after the induction of hemolysis in
in contrast with previous suggestions, Hp may not be both Hp1/1 and Hp2/2 mice, a vasodilator (either
important in preventing precipitation or deposition of prazosin at 0.4 mg/20 g body weight or diazoxide at 20 mg/
hemoglobin in renal tissues during severe hemolysis, at 20 g body weight) was injected together with the inulin
during the inulin clearance assays. The improvement inleast in mice.
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Fig. 3. Precipitation of hemoglobin (Hb) in renal tissue. Forty-eight hours after phenylhydrazine (f hyd) induction, mice were anesthetized and
perfused with saline, and kidney extracts were prepared as described in the Methods section. (A) Kidney extracts were assayed for hemoglobin
levels biochemically as described in the Methods section. Values represent mean 6 SD. Sample size (N) for each group of mice is indicated on
the figure. (B) Western blot analysis. Ten micrograms of kidney extracts from untreated Hp1/1 and Hp2/2 mice, and phenylhydrazine-treated
mice were analyzed by Western blotting using antibodies against mouse hemoglobin. A representative blot is shown.
renal function was apparent with the administration of and SOD-2 during phenylhydrazine-induced hemolysis.
SOD-2 expression was not induced (data not shown), aseither prazosin or diazoxin. 3H-inulin clearance was re-
for the kidney. From 0 to 24 hours, expressions of AGP,stored to basal levels in all phenylhydrazine-treated
SAA, and HO-1 in both Hp1/1 and Hp2/2 mice weremice, including Hp2/2 mice, despite their relatively
similar in magnitude and kinetics (Fig. 5 A, B). At 48poorer renal function (Fig. 4 C, D). To determine
hours, the expression kinetics of these genes in Hp2/2whether ACE activity played a role in the vasoconstric-
mice and Hp1/1 mice diverged with generally greatertion observed during hemolysis, plasma ACE activity in
induction in Hp2/2 mice (Fig. 5 A, B).the same mice was measured before and 48 hours after
The higher induction of AGP gene expression wasphenylhydrazine treatment. There was a significant in-
verified by plasma AGP level (Fig. 5C). Treatments withcrease in plasma ACE activity in all mice after the induc-
0.1 and 0.3 mg phenylhydrazine per 10 g body weighttion of hemolysis (P 5 0.012; Fig. 4E), but there was no
resulted in significantly higher plasma AGP in Hp2/2significant difference between Hp1/1 and Hp2/2 mice.
mice than Hp1/1 mice. At 1 mg/10 g body weight,
plasma AGP in Hp2/2 and Hp1/1 mice was not dis-Increased generalized tissue injury in Hp2/2 mice
cernibly different, possibly because of maximal stimula-The more severe renal damage in Hp2/2 mice during
tion of systemic inflammatory response by phenylhydra-phenylhydrazine-induced hemolysis suggested that the
zine treatment.
overall tissue damage in these mice was greater, either
as a consequence or the cause of the more severe renal
DISCUSSIONdamage. To measure generalized systemic injury, we
measured the induction kinetics of markers for hepatic This study strongly suggests that Hp is an important
physiological antioxidant in the kidney and can help toacute phase response, AGP, and SAA as well as HO-1
c
Fig. 4. Renal function during phenylhydrazine-induced hemolysis. As described in the Methods section, 3H-inulin was injected into the heart of
anesthetized mice. Five minutes later, the mice were bled from the tail, and plasma radioactivity was determined. This time point was designated
0 minute. Thereafter, blood was collected at 15-minute intervals for over an hour, and the amount of radioactivity was calculated as a percentage
of that at time 0. Symbols in A-D are: (m) HP1/1; (d) Hp2/2. (A) Untreated mice (Hp1/1 mice, N 5 7; Hp2/2 mice, N 5 8). (B) Mice
treated with phenylhydrazine 48 hours prior to assessment of inulin clearance (Hp1/1 mice, N 5 5; Hp2/2 mice, N 5 6). (C and D) Phenylhydrazine-
treated mice given prazosin (0.4 mg/20 g body weight) or diazoxide (0.2 mg/20 g body weight) during inulin clearance assay (Hp1/1 mice, N 5 3;
Hp2/2 mice, N 5 3). (E) Plasma ACE activity was measured before and 48 hours after phenylhydrazine treatment (Hp1/1 mice, N 5 7; Hp2/2
mice, N 5 8). Values represent mean 6 SE.
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Fig. 5. Expression of acute phase response genes in the liver. Total RNA was isolated from livers of mice at 0, 4, 24, and 48 hours after treatment
with phenylhydrazine at 2 mg/10 g body weight. Two micrograms of total RNA were reverse transcribed, and the cDNAs were diluted 13 and
103. The cDNA was amplified by PCR as described in the Methods section using AGP, SAA, HO-1, and Hp-specific primers with TPI-specific
primers as an internal control. The RT-PCR products were separated on a 5% polyacrylamide gel and exposed to autoradiography. RT-PCR
products were quantitated by phosphorimaging, and all of the signals were normalized to that of TPI. (A) Hepatic induction kinetics of AGP,
SAA, HO-1, and Hp. (B) Relative induction of AGP, SAA, and HO-1 in the livers of (m) Hp1/1 and (d) Hp2/2 mice during hemolysis. (C)
Induction of plasma AGP levels using different dosages of phenylhydrazine. Mice were treated with (,) 0.1 mg/10 g, (d) 0.3 mg/1 g, and (s) 1
mg/10 g body weight. At the indicated times, the mice were bled, and the plasma AGP levels were determined by rocket immunoelectrophoresis.
decrease oxidative damage in renal tissues during hemo- bin and its catabolic products is so extensive that any
anti-oxidative effects of Hp are masked, although furtherlysis. Hp appears to be an effective antioxidant even at
its generally low basal plasma Hp levels in mice (0.01 to studies would be needed to establish this hypothesis.
However, oxidative DNA damage was elevated in the0.1 vs. 0.3 to 1.9 mg/mL in humans) [4, 28], as demon-
strated by the small but statistically significant increase renal tissues of these mice after phenylhydrazine treat-
ment. Although both Hp2/2 and Hp1/1 mice sufferin basal renal MDA/HNE level in Hp2/2 mice than
that in Hp 1/1 mice. However, the basal level of renal similar degrees of hemolysis during phenylhydrazine
treatment [4] and have similar basal levels of renal MDA/oxidative DNA damage in Hp2/2 mice is not elevated.
During phenylhydrazine-induced hemolysis, renal HNE, renal DNA oxidation is elevated in Hp2/2 mice,
as evidenced by the increased level of 8OHG.MDA/HNE levels in Hp2/2 and Hp1/1 mice are highly
elevated, indicating extensive lipid peroxidation in the To understand the molecular mechanism of this DNA
damage, multiple products of oxidative damage to eachkidneys, but there is no significant difference between
the MDA/HNE level in Hp2/2 and Hp1/1 mice. It is of the four DNA bases were determined. Since only the
level of 8OHG in the renal DNA of Hp2/2 mice ispossible that the lipid peroxidation initiated by hemoglo-
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Fig. 5. Continued.
significantly elevated, we suggest that oxidative DNA gen, which is more selective for guanine oxidation or
certain peroxyl radicals, could possibly be the speciesdamage in Hp2/2 kidneys during phenylhydrazine-
induced hemolysis is unlikely to have been initiated by responsible for the increased DNA oxidation in Hp2/2
mice [21]. The identification of the radical species willhydroxyl radical (OH·), hypochlorous acid (HOCl), or
peroxynitrite (ONOO2). The extremely reactive hy- be important in elucidating the molecular mechanism by
which Hp protects renal tissues from oxidative damagedroxyl radical (OH·) will react with all four DNA bases
to produce a multiplicity of elevated oxidation products, during hemolysis.
The greater renal oxidative stress in Hp2/2 mice dur-including 8OHG [19–21, 29]; however, only rises in
8OHG were seen. Peroxynitrite generates mainly base ing hemolysis is also corroborated by the induction kinet-
ics of HO-1, an oxidative stress responsive gene in thedeamination and nitration products (for example, xan-
thine from guanine and hypoxanthine from adenine) kidneys. The induction of HO-1 occurs in two phases;
the first phase during the first 24 hours may be due to[30, 31], while hypochlorous acid generally causes pyrim-
idine oxidation and chlorination [32]. No increases in the release of hemoglobin from the lysis of erythrocytes.
The kinetics and magnitude of the first phase in bothbase deamination products were observed in the present
study, although the basal levels of deamination products genotypes of mice are similar, indicating a similar degree
of hemolysis, as indicated previously [4]. The secondin the renal tissue appeared high. Nevertheless, this tech-
nique has shown increases in base deamination products phase at 48 hours could be due to the release of cellular
heme-containing proteins from damaged tissues andin some other experimental situations [33]. In addition,
8OHG, which is highly elevated in the renal DNA of would be more indicative of tissue damage. Hp2/2 mice
have a greater second phase induction of HO-1, consis-Hp2/2 mice, is usually a minor product in DNA oxida-
tion by peroxynitrite and hypochlorous acid. Singlet oxy- tent with greater tissue damage. The more extensive
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Fig. 6. Postulated events leading to increased oxidative tissue damage in Hp2/2 mice. Induction of severe hemolysis by phenylhydrazine leads
to massive release of hemoglobin (Hb). Hemoglobin and its breakdown products then initiate free radical formation, resulting in tissue oxidative
damage. Hp decreases oxidative damage by binding hemoglobin and inhibiting its oxidative potential. A lack of Hp in Hp2/2 mice exacerbates
oxidative stress leading to increased DNA base oxidation, increased lipid peroxidation, and greater induction of HO-1. Greater oxidative stress
in Hp2/2 mice causes greater tissue damage, leading to a delay in Epo induction in response to the anemia induced by phenylhydrazine and a
greater acute phase response as measured by the induction of acute phase response genes in the liver. Phenylhydrazine itself can also oxidize
hemoglobin to form hemoglobin thiyl radical. It is not known whether Hp inhibits oxidation of hemoglobin by phenylhydrazine or whether Hp
binds and reduces the reactivity of hemoglobin thiyl radical.
renal damage in Hp2/2 mice is further demonstrated and Hp1/1 mice, as illustrated by the dramatic loss
of 3H-inulin clearance. Consistent with the more severeby the failure of Hp2/2 mice to induce Epo expression
as rapidly as Hp1/1 mice in response to the anemia oxidative damage in the kidneys, Hp2/2 mice suffer a
greater loss of renal function than Hp1/1 mice. Theinduced by phenylhydrazine treatment.
The extensive renal tissue damage in mice during restoration of 3H-inulin clearance to normal baseline lev-
els by vasodilators suggests that vasoconstriction playsphenylhydrazine-induced hemolysis is associated with a
loss of renal function in the kidneys of both Hp2/2 a role in the loss of renal function and that vasoconstric-
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